Abstract
Introduction
In recent years, there are growing interests in applications of the thermodynamic database and related software to practical material issues [1] [2] [3] [4] . As software, the complicated chemical equilibrium calculations and the chemical potential diagrams are most important in high temperature materials science. Since the chemical equilibrium calculations provide results easily to be understood, this has been widely utilized particularly for the multicomponent systems. In contrast, the chemical potential diagrams can be regarded as well organized compilation of equilibrium states. Even so, it needs to establish an easy but powerful method of constructing the chemical potential diagram for the multicomponent system and applying those diagrams to practical materials issues. Yokokawa et al. have proposed the generalized computer program based on the polyhedron approach to construct the generalized chemical potential diagrams for the multicomponent system [5, 6] . As one of example of its applications, this was applied to the semi-conducting materials [7] . In the present investigation, the generalized chemical potential diagram is applied to the extension of the Ellingham diagram [8] for the multicomponent systems which are related to the solid oxide fuel cells [9, 10] ; in this applications, temperature and oxygen potential are the most important among many other thermodynamic variables so that the Ellingham diagram becomes appropriate in representing the chemical equilibria associated with stability and durability of SOFC materials. Recent progress in the SOFC technology makes it necessary to establish the durability of SOFC materials [11, 12] . For establishment of long life more than 40,000 h, it has been clarified that the impurities such as sulfur, phosphor, sodium, silicon and halogens should be carefully examined on their effects on electrode activities [13] . In this paper, the procedure of constructing the generalized Ellingham diagrams for the multicomponent systems and is described first and then construction will be made on the Ni-P-O-H system which is needed to examine the degradation of the nickel anodes due to the phosphor contamination in fuels [14] [15] [16] .
Thermodynamic data
The thermodynamic data used in the present study is from the thermodynamic database MALT for windows [1-4] except for some compounds in the Ni-P-O system. Table 1 summarizes the thermodynamic data evaluated/estimated in the present investigation.
Construction Procedures
In the present investigation, almost all diagrams were constructed by using the computer program CHD for constructing generalized chemical potential diagrams [5] . Some parts have been modified to adjust to requirements for constructing Pourbaix diagrams or Ellingham diagrams. The logarithmic partial pressure of oxygen molecules is a typical measure to examine the cathode material behavior in air or cathodic polarized states. The logarithmic ratio of partial pressure of H 2 O to H 2 is instead a measure for anode compartment. As typical anode, nickel is used so that the equilibrium between NiO/Ni is critically important. As a third axis, the electrical potential is given which corresponds to the electrical potential of electrodes referred to air. Those scales are in parallel to the line corresponding to the partial pressure of oxygen in air.
Typical Ellingham Diagram for solid oxide fuel cell materials
For the Mn-O system, borderlines between two adjacent phases are given. In other words, one phase has two borderlines at the upper and lower bounds in the oxygen potential. This is the stability polygon of the phase in the μ(O 2 ) vs. T plot. In the generalized chemical potential diagram without specification of temperature values, we have three thermodynamic variables, namely, temperature, oxygen potential and the manganese chemical potential. In Fig. 1 , no information on μ(Mn) appears. Thus, the construction of the Ellingham diagram by using the program for constructing generalized chemical potential diagrams can be easily made.
Multicomponent systems
In more complicated systems, similar Ellingham diagrams can be constructed by adopting the following sequence:
1) Select the temperature as one of the changeable thermodynamic variable.
2) Select the oxygen potential as one of possible thermodynamic variables.
3) Construct a two dimensional diagram by fixing some selected chemical potential values.
4) Or construct a three dimensional diagram by fixing an appropriate number of chemical potentials. Then display parts of them in a two dimensional diagram.
Analogous treatments to the generalized Pourbaix diagrams
In practical applications of Pourbaix diagrams to the industrial materials or environments, many useful treatments have been tested with great success. Thus, it will be quite reasonable to adopt similar treatments in the generalized Ellingham diagrams. These can be summarized as follows; 1) Partial pressure of gaseous species. Equilibria among gaseous species or at solid/gas interfaces strongly depend on the partial pressures of gaseous species. This is analogous to the activity (concentration) of aqueous species in the Pourbaix diagram. This can be made by fixing the partial pressures of gaseous species when the chemical potential diagrams are constructed.
2) In a Pourbaix diagram, the redox element is selected and only phase equilibria in which such redox element is involved are presented in a diagram. This can be made in the constructed generalized diagrams by making the stability polygons (polyhedrons) transparent for those compounds/species which do not contain the redox element. For this purpose, the three dimensional diagram is convenient because other phase equilibria can be explicitly displayed after the above procedure is made. To be consistent with other Ellingham diagrams, three dimensional diagram can be projected on the two dimensional space. in the H 2 -rich region.
Ellingham diagrams for the Ni-P-O-H systems

Diagrams for the P-O-H system
In Fig. 3 , effect of the partial pressure is more explicitly shown in the two dimensional Ellingham diagram for p(PX)=1, 10 -3 , 10 -6, and 10 -9 atm, respectively. Note that the borderline of the H 2 -dominant and H 2 O dominant regions is also given in Fig. 3 . This borderline is very important in the solid oxide fuel cells because hydrogen is electrochemically oxidized in the anode compartment so that the atmosphere in anode has the oxygen potential near to this borderline.
Chemical potential diagram for the Ni-P-O system
In the Ni-P-O system, there are several stable intermetallic compounds such as Ni 3 P as listed in Table 1 
Fig. 3 Two dimensional Ellingham diagrams for the P-O-H system at the selected partial pressures for the gaseous species; (a) p(PX) = 1 atm; (b) p(PX) = 10 -3 atm; (c) p(PX)=10 -6 atm; (d)
p(PX) = 10 -9 atm.
stabilization energy in alloys, the stability areas of nickel phosphates extend to the more reduced atmosphere compared with NiO. In the same diagram, iso partial pressure lines for P 2 (g), P 4 O 9 (g) and P 4 O 10 (g) at p(PX)=10 -6 atm are displayed, since those species can be dominant species.
Ellingham diagram for the Ni-O-H system
In Fig.5 , the Ellingham diagram for the Ni-O-H system is shown. Although this diagram is well established, the predominant areas for nickel gaseous species are also included to compare the behavior with those in the P-O-H system. Here again, the 
Fig. 4 Two dimensional chemical potential diagram for the Ni-P-O system in a log {p(O 2 )/atm} vs. log a(P) plot at 1073 K. The iso partial pressure lines are displayed for P 2 (g), P 4 O 9 , and P 4 O 10
at 10 -6 atm. Compare with Fig. 3(c) for p(PX)=10 -6 atm.
borderline for the H 2 -and the H 2 O dominant regions is indicated. Since the nickel anode activity is heavily degraded when nickel is oxidized, the nickel metal stable region is highly important in the solid oxide fuel cells.
Extended Ellingham diagrams for the Ni-P-O-H system
The Ellingham diagrams for the Ni-P-O-H system shown in Fig. 6 were constructed as follows; first, the three dimensional Ellingham diagrams were constructed under the conditions of p(H 2 ) = 1 atm or p(H 2 O) = 1 atm. Those diagrams are projected into a normal two dimensional diagrams. Two diagrams can be joined with each other on the borderline between the H 2-and H 2 Odominant regions. In Fig.6 , it will not be difficult this borderline is actually indicated. In Fig. 6 , those gaseous species appearing in Figs. 2 and 3 were treated as transparent species. Their predominant are not explicitly shown but only the borderlines are displayed. As a result, Fig. 6 collects the stability areas of those compounds/species which always include nickel. In other words, compounds/species in the plot of Ellingham type. In this sense, the Ellingham diagram for the multicomponent system exhibits similarity to the Pourbaix diagrams for the multicomponent systems.
From the physicochemical point of view, Fig. 6 indicates the interesting behaviors in the Ni-phosphor interactions in the H 2 /H 2 O environment.
(1) Since the Ni-P interaction is strong, the Ni phosphides are formed even under the condition of p(PX)=10 -9 atm. Since the dominant phosphor containing species is PH3, this reaction can be written down as follow; 2PH 3 (g) + 5Ni = Ni 5 P 2 + 3H 2 (g)
(2) In the oxygen potential region where PH3 is oxidized into P 2 O 3 (g) or P 4 O 9 (g), nickel can be reacted with phosphor gaseous species to form nickel phosphates;
(P 2 O 5 ) 2 (g) + 4Ni + 2O 2 (g) = 2Ni 2 P 2 O 7 [4] Since this phosphate formation reaction can be take place in the original Ni-dominant region shown in Fig. 6 , the interaction of Ni with phosphorous oxides is extremely strong.
Discussions
The electrochemical investigations on effect of phosphor impurities on nickel anode activity have been recently made in relation to the utilization of coal gasified gas. For example, Zhi et al. [16] have recently reported the experimental results of introducing about 20 ppm of PH 3 in Syngas for 8-12 h. They observed the following interesting features;
(1) Nickel is reacted with PH 3 in the anodic polarization to form Ni 3 (PO 4 ) 2 , leading rapid degradation of anode performance; (2) In addition, they observed the formation of ZrP 2 O7. This Zr is originated from the yttria stabilized zirconia used as the oxide component in the nickel cermet (ceramics and metal) electrodes.
(3) Under the OCV condition, P and Zr coexist in the outer surface of nickel cermet, whereas only the P was detected in the outer region under the potentiostatic operation at 0.7 V.
In order to interpret those phenomena, additional diagrams were constructed and shown in Fig. 7 . This is essentially the same as Fig. 4 , but explicitly indicates the effects of gaseous species in another type of plot. This indicates that at 1073 K, nickel is in equilibrium with Ni 3 (PO 4 ) 2 . This confirms that the coexistence of Ni and Ni 3 (PO 4 ) 2 is a result of consumption of gaseous phosphor containing species to form Ni 3 (PO 4 ) 2 and resulting decrease in the partial pressure of phosphor containing gases. The difference in appearance between the OCV and cathodic polarization can be interpreted in terms of the oxygen potential difference in the two cases; that is, under the OCV condition, the oxygen potential is rather low so that the Ni phosphides are first formed, whereas the nickel phosphates can be directly formed as a reaction among the nickel anode, emitted water vapor and the phosphor containing species. The latter may cause to hider the ZrP 2 O 7 formation. In more detailed analysis, the chemical potential diagrams which contain Zr as the main component are highly required.
Conclusions
The present investigation has revealed that the Ellingham diagram can be easily extended to the muticomponent systems by adopting the available procedures of handling the stability area in the thermodynamic MALT database and associated CHD software to constructing generalized chemical potential diagrams. The application to the Ni-P-O-H system has been successfully made to construct the various type of diagrams which can be easily compared with the experimental features in the electrochemical operations in which temperature and oxygen potential are key variable. In addition, phase equilibria given in terms of oxygen potential is important when consideration is made on the effect of polarization causing overpotential inside the electrode layer. The present diagrams for the Ni-P-O-H system are found to be well consistent with the experimentally reported features of reaction of nickel anode with phosphor containing syngas. 
